The hysteresis of ball-milled Fe-doped YCo 5 powder has been optimized by controlling the temperature and time for rapid annealing under vacuum and argon. The crystallite size is only 25 nm; yet, it has been possible to field align Y(Co,Fe) powder with a 5-20 lm grain size in a 5 T field to obtain a remanence ratio of 0.65, due to texture in the ball-milled powder. The nominal energy product of the powder is 140 kJ/m 3 . A pressed magnet with 78% of theoretical density has an energy product of 65 kJ/m 3 . This magnet could fill the gap between oriented ferrite (34 kJ/m There is increasing interest in finding oriented dense magnets with properties intermediate between sintered ferrite and sintered Nd-Fe-B, having reduced content of strategic rare earths.
1 Development and optimization of rareearth-free magnets may be pursued by atomic substitutions in known uniaxial materials with reasonably high Curie temperatures (T c ) with a view to reducing materials' costs or improving processability. Fe-doped YCo 5 is a promising starting point for magnet development, because it is entirely free of the critical heavy rare earths, Tb and Dy; yttrium is potentially in surplus, and substitution of iron for cobalt on 3g (Co II ) sites should increase the saturation magnetization. [4] [5] [6] The magnetocrystalline anisotropy energy of YCo 5 comes mainly from the orbital moment of cobalt atoms in the structurally distorted 2c (Co I ) sites, which lie in the same plane as Y. Yttrium has no 4f electrons, but contributes to the anisotropy via its 4d electron which hybridizes with the 3d electrons of Fe or Co. [7] [8] [9] [10] The calculated magnetic anisotropy constant K 1 in YCo 5Àx Fe x increases with Fe doping from x ¼ 0 to x ¼ 0.5 and drops for larger x.
11 Experimental results confirm that K 1 first increases by 20% for x ¼ 0.2 and then decreases. 3, 8 YCo 5Àx M x (0 x 0.75) has been prepared in bulk, nanocomposites with (20 wt. % aFe) and (30 wt. % Y 2 Co 17 ), powders and nanoparticles with and without M ¼ Fe, Cu doping by techniques such as arc-melting, mechanical milling, mechanochemical milling, and cluster deposition. 3, 8, [12] [13] [14] [15] [16] [17] [18] Moreover, mechanically alloyed YCo 5 has a small temperature coefficient of coercivity and magnets made from it may be operable at high temperature. 18 However, the best magnetic properties reported for conventional dry-milled and annealed YCo 4.28 powder are
. 19 The nominal energy product of the powder has been increased to (BH) max ¼ 130 kJ/m 3 by mechanochemical milling with calcium in a process involving separation of the YCo 5 particles in a multistep washing and magnetic alignment. 20 Here, YCo 5Àx Fe x (0 x 0.5) alloy powders are prepared by high-energy ball milling and subsequent rapid thermal or vacuum annealing in order to obtain a good energy product. The effects of the two different annealing processes on magnetic and crystallographic properties are compared.
The YCo 5Àx Fe x alloys with 0 x 0.5 were prepared by arc melting in high-purity argon. The ingots were remelted four times to ensure homogeneity. Milling was then carried out under argon for 4 h in a Spex 8000 mixer/mill with stainless steel balls and a ball to powder charge ratio of 15:1. The as-milled YCo 5 powder was wrapped in Ta foil and then subjected to rapid thermal annealing under a flowing Ar with an infrared lamp (Ulvac-Riko MILA-5000) at temperatures (T a ) between 800 C and 1050 C for 1-5 min and cooled naturally. The iron-doped YCo 5Àx Fe x 0 x 0.5 powder samples were rapidly annealed at 800 C for only 1-3 min, which was the optimum treatment to give the best energy product. The alternative, vacuum annealing treatment of the as-milled powders was carried out in a tube furnace preheated at 800 and 850 C for 2-3 min under a vacuum of 10
À6
-10 À7 Torr, followed by quenching. Ball-milled YCo 4.8 Fe 0.2 powder was pressed in a 5 mm die and vacuum annealed at 850 C for 2 min. Structural characterization was carried out by X-ray diffraction (XRD) with a PANalytical X'Pert Pro diffractrometer using Cu-K a radiation. Rietveld analysis of the diffraction patterns was performed using FullProf. The microstructure and composition were analysed with a scanning electron microscope (SEM Carl Zeiss Evo) and an analytical field emission transmission electron microscope (TEM FEI TECNAI F20), equipped with an energy dispersive X-ray detector (EDX) and a high angle annular dark field (HAADF) detector. Samples for room temperature magnetic measurements were prepared by mixing the annealed powder with Lecoset 7007 cold-curing resin inside a 4 mmÂ 4 mm cylindrical Perspex bucket. Some samples were oriented in a 5 T field, and all the magnetic measurements were carried out using a 5 T Quantum Design superconducting quantum interference device magnetometer.
The XRD patterns of as-milled powders indicate a highly disordered crystal structure. However, rapidly annealed samples are mainly composed of the hexagonal CaCu 5 -type (P6/mmm) phase with a minor Th 2 Zn 17 -type rhombohedral (R 3m) secondary phase. 3, 8 The XRD patterns of rapidly annealed powders (800 C for 3 min) also show secondary rhombohedral Y 2 Co 17 . Fe-doping increases the lattice parameters and decreases the intensity of the hexagonal phase. According to our Rietveld refinement and an early neutron diffraction study, 6 the Fe atoms prefer to occupy 2c Co I sites rather than 3g Co II sites. The lattice parameters increase from a ¼ 495 pm and c ¼ 396 pm to a ¼ 498 pm and c ¼ 403 pm, and the solid solubility limit is reached at x ¼ 0.3.
Vacuum and rapid thermal annealed (850 C, 2 min) samples are compared in Fig. 1 . The peaks are broadened for the vacuum annealed sample and the main (111) peak overlaps with (200). The mean crystallite size for vacuum and rapid thermal annealed samples was found to be 11 nm and 65 nm, respectively, computed from the Scherrer broadening.
SEM images show that annealed samples were agglomerated in irregular shapes with a 10 lm average cluster size. The size and shape of the agglomerates are unaffected by annealing. Average grain sizes of 24 nm and 98 nm were determined for vacuum annealed (850 C for 2 min) and rapid thermal annealed (850 C for 2 min), respectively (Figs. 2(b) and 2(c)). The morphology of the as-milled sample is highly inhomogeneous with polycrystalline iron agglomerates, which are embedded in a nanocrystalline and mostly amorphous YCo 5 matrix with an average grain size of 8 nm. The average grain size obtained from TEM is always greater than that deduced from XRD, which can be attributed to the plastic deformation of bulk metallic particles. 21, 22 EDX analysis shows that the ratio of (Co þ Fe) to Y was 5.7, in fair agreement with the nominal composition of 5.0.
Bulk YCo 5 shows insignificant coercivity at room temperature but a coercive ferromagnetic phase is obtained after ball-milling and annealing. The coercivity l 0 H c , saturation magnetization r max , and nominal maximum energy product (BH) max for the powder depend strongly on the annealing temperature, time, and Fe-doping. None of the annealed powder samples was saturated under 5 T.
YCo 5 powders were then rapidly annealed for 1 min at temperatures ranging from 800 to 1050 C at 50 C intervals. 2015) to 5 min at 800 C; the best powder energy product of 66 kJ/ m 3 for 2 min annealing was deduced assuming crystallographic density q ¼ 7560 kg/m 3 and N ¼ 1/3 for spherical powders.
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Ball-milled YCo 5Àx Fe x with 0 x 0.5 was then rapidly thermally annealed at 800 C for 1-3 min, and the highest coercivity and (BH) max were obtained for 2 min. YCo 4.9 Fe 0.1 has the best magnetic properties with l 0 H c ¼ 1.06 T, (BH) max ¼ 56 kJ/m 3 , and r max ¼ 90 Am 2 /kg. These properties were improved by magnetically aligning the powder in epoxy resin under 5 T; the value of (BH) max increases up to 114 kJ/m 3 due to an increment of r max to 128 Am 2 /kg and r r /r max ¼ 0.65. The magnitude of l 0 H c decreases, whereas the value of r max is enhanced with Fe-doping, in agreement with calculations.
2 After reaching the solid solubility limit x ¼ 0.3, the coercivity drops significantly as shown in Fig. 3(a) . Unlike dry-ball milled La(Co,Fe) powders, there is no step in the demagnetization curve near zero field. 23 The best magnetic properties were obtained after a short vacuum anneal at 850 C for 2 min. The coercivity falls from 1.0 T to 0.42 T as x changes from 0 to 0.5, with a sharp decrease when x ! 0.3.
The 
After alignment in 5 T, the powder value of (BH) max is 140 kJ/m 3 with r r /r max ¼ 0.65 (Fig. 4 , computed with N ¼ 0.875, corresponding to the pellet shape. 24 The variation of (BH) max with different N values is compared in Figure 5(b) .
We have increased the energy product of YCo 4.8 Fe 0.2 powder to 140 kJ/m 3 without calcium, in optimized annealing conditions with magnetic alignment. Surprisingly, although the individual crystallite size is only 25 nm, it was possible to obtain a 30% increment in remanence by aligning 10-50 lm powders. This implies a significant crystallographic nanocrystal axes are not randomly aligned, but a significant uniaxial texture is imparted by ball-milling. The textured powder can be field aligned, leading to remanence enhancement. Since the coercivity is controlled by microstructure, it is expected that a similar energy product to that measured on powder should be found in fully dense aligned magnets.
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